Cells in the Purkinje system (PS) are known to be more vulnerable than ventricular myocytes to secondary excitations during the action potential (AP) plateau or repolarization phases, known as early afterdepolarizations (EADs). Since myocytes have a lower intrinsic AP duration than the PS cells to which they are coupled, EADs occurring in distal branches of the PS are more likely to result in propagating ectopic beats. In this study, we use a computer model of the rabbit ventricles and PS to investigate the consequences of EADs occurring at different times and places in the cardiac conduction system. We quantify the role of tissue conductivity and excitability, as well as interaction with sinus excitation, in determining whether an EAD-induced ectopic beat will establish reentrant activity. We demonstrate how a single ectopic beat arising from an EAD in the distal PS can give rise to reentrant arrhythmia; in contrast, EADs in the proximal PS were unable to initiate reentry. Clinical studies have established the PS as a potential substrate for reentry, but the underlying mechanisms of these types of disorder are not well understood, nor are conditions leading to their development clearly defined; this work provides new insights into the role of the PS in such circumstances. Our findings indicate that simulated EADs in the distal PS can induce premature beats, which can lead to the tachycardias involving the conduction system due to interactions with sinus activity or impaired myocardial conduction velocity. computer modeling; bundle branch reentry; afterdepolarizations EARLY AFTERDEPOLARIZATIONS (EADs) are positive inflections in membrane potential (V m ) that occur during the late phases of the action potential (AP), before full repolarization. If sufficiently large, EADs can produce triggered activity and promote reentrant arrhythmias, including bundle branch reentrant ventricular tachycardia (BBRT) (1). At the ionic level, EADs result from decreased outward current, increased inward current, or combinations of the two. Electrophysiological studies have been performed using pharmacological agents and slow pacing modes to cause initial AP prolongation via rapidly activating K ϩ current reduction (cesium, quinidine) (53), slowed Na ϩ current (I Na ) inactivation (anthopleurin, veratradine) (10), and increased L-type Ca 2ϩ current activity (BAY K 8644) (19). For a detailed description of ionic mechanisms of EADs, refer to the review by Volders et al. (48).
EARLY AFTERDEPOLARIZATIONS (EADs) are positive inflections in membrane potential (V m ) that occur during the late phases of the action potential (AP), before full repolarization. If sufficiently large, EADs can produce triggered activity and promote reentrant arrhythmias, including bundle branch reentrant ventricular tachycardia (BBRT) (1) . At the ionic level, EADs result from decreased outward current, increased inward current, or combinations of the two. Electrophysiological studies have been performed using pharmacological agents and slow pacing modes to cause initial AP prolongation via rapidly activating K ϩ current reduction (cesium, quinidine) (53), slowed Na ϩ current (I Na ) inactivation (anthopleurin, veratradine) (10) , and increased L-type Ca 2ϩ current activity (BAY K 8644) (19) . For a detailed description of ionic mechanisms of EADs, refer to the review by Volders et al. (48) .
Ectopic beats arising from EADs are thought to be more common in the Purkinje system (PS) than in the ventricular myocardium for several reasons. EADs are easily induced in Purkinje cells by application of pharmacological agents that prolong the AP, which is already intrinsically longer than in typical ventricular myocytes (39, 40) . In contrast, coupled ventricular cells have a shorter AP duration (APD) and become reexcitable, while the PS is still repolarizing and susceptible to EADs. Moreover, cells in the PS have a high membrane resistance, which allows small charge displacements to cause large changes in V m (37) . Finally, since Purkinje cells are only coupled in one dimension, there is reduced electrotonic suppression of myocardial EAD propagation.
Persistent bundle branch reentry (BBR) as a mechanism of sustained tachycardia has been observed in patients with significant conduction system impairment (6, 42, 50) , which is often manifested as His-ventricle (H-V) interval prolongation, bundle branch block (BBB) QRS configuration, or both. Most BBRT studies have reported prolonged H-V interval during sinus rhythm, indicating underlying conduction abnormalities, but the pathology has also been observed in patients with idiopathic isolated conduction system disease and no apparent structural heart abnormalities (17, 38) . Furthermore, BBRT has also been reported in patients with apparently normal His-PS conduction (23) . These patients exhibited functional transient abnormalities in the conduction system that provided a substrate for reentry, such as temporary conduction block (CB) in the bundles. Overall, the exact mechanisms of BBRT initiation are not well understood.
Several experimental (14, 24) and computer modeling (2, 28, 37, 49) studies have documented how EADs generated in PS cells propagate to coupled myocytes and induce ectopic activity. However, the behavior of the PS changes significantly when it is coupled to a large mass of ventricular muscle due to electrotonic interactions and loading effects. Thus the EAD initiation and propagation mechanisms must be revisited in an anatomically realistic three-dimensional (3D) cardiac model. Previously, our laboratory demonstrated that the PS is involved in initiation and maintenance of shock-induced arrhythmias, triggering postshock activations and providing alternative pathways for reentrant circuits (12) , but it remains unclear whether triggered activity originating in Purkinje cells may induce reentry. Experimental difficulties in detecting and isolating Purkinje cells in subendocardial layers have restricted measurements of the intact PS. In this paper, we use a 3D computer model to investigate possible mechanisms of triggered activity and effects of conduction system disorders on arrhythmia initiation. We hypothesize that a single ectopic beat in the distal PS, if properly timed, can lead to arrhythmogenesis in ventricular tissue with impaired conduction or by interacting with sinus excitation. Furthermore, we hypothesize that a single EAD originating in the PS can establish BBRT in ventricles with reduced excitability and/or impaired conduction, whether or not functional BBB is present. We systematically examined conduction system abnormalities, such as temporary unidirectional BBB due to ectopic activity originating in the PS. We also studied how variations in tissue excitability and conductivity affect reentry initiation.
METHODS

Governing Equations and 3D Model
Cardiac electrical activity was described by the monodomain formulation (44):
where Im is membrane current, ␤ is the tissue surface-to-volume ratio, and m is the monodomain conductivity tensor, which is the harmonic mean of the intracellular and extracellular conductivity tensors. The nominal extracellular conductivities in the longitudinal and transverse directions were 0.625 and 0.236 S/m, respectively, and the corresponding intracellular conductivities were 0.174 and 0.019 S/m [based on experiments by Clerc (9)].
Nonlinearities arising from the current-voltage relationship across the membrane were described by:
where C m is the membrane capacitance per unit area, and Iion is the current density through ion channels, which depends on Vm and several other variables that are represented by , as described in the rabbit ventricular AP model developed by Mahajan et al. (26) . Itrans is the transmembrane stimulus current density, as delivered by an intracellular electrode and removed by an adjacent extracellular electrode.
The system of equations was solved by the finite-element method using the CARP software package (46) , with geometry and fiber oriention based on rabbit ventricular data (43) . The system comprised ϳ550,000 nodes with element edge lengths on the order of 300 m. Equation 1 is a parabolic equation, which was decoupled from the set of ordinary differential equations (Eq. 2) describing ionic currents. Both sets of equations were solved explicitly, as detailed elsewhere (47) . Simulations were carried out on four cores of an HP Opteron cluster (2.4 GHz) running Linux with 2 GB of physical memory per node.
Modeling the ventricular conduction system. To model an anatomically realistic heart, a one-dimensional finite-element branching Purkinje network explained in Ref. 45 was implemented, as shown in Fig. 1A . This model enforced conservation of current at Purkinje-myocardial junctions (PMJs). At each PMJ, the Purkinje cell was coupled to n myocytes within a certain radius (r PMJ) by a fixed resistance RPMJ. The current load on each terminal Purkinje cell was calculated by summing the individual currents flowing into each junctional myocyte and scaling the total by a loading factor (K PMJ) to account for sink effects from surrounding tissue that was not directly coupled (4) . Thus, while the current injected into a particular myocyte is derived from the straightforward Ohmic relationship, the load on a particular cable ending at x e is given by:
where IL is current load, i(xe) is the intracellular potential of the terminal Purkinje cell, and i M (xn) is the intracellular potential of the nth myocardial node inside the junctional radius. Model details can be found elsewhere (4, 12, 45) .
PS potentials were calculated using, from the parabolic equation:
where s is a vector along the fiber (45) , and i is intracellular conductivity. The DiFrancesco-Nobel equations (13) were used to govern membrane electrical activity in the PS. This allowed the model to reflect the distinct electrophysiological features between Purkinje cells and ventricular myocytes. Sodium conductance in the DiFrancesco-Nobel model was increased threefold (5) to increase maximum upstroke velocity (‫ץ‬V m/‫ץ‬t) in uncoupled cells from 169 to 380 mV/ms, which is closer to the in vitro value reported by Lu et al. (25) . Purkinje cell radius was set to 15 m, and intracellular conductivity was set to 1.5 S/m to achieve the conduction velocity (CV) ratio of 4.4 with reference to the myocardium (4), which is within the experimental range (11) . Figure 1B shows ventricular excitation by the PS during normal sinus rhythm. Parameters for sodium conductance, tissue conductivity, and gap junction resistance were adjusted to reproduce normal ventricular activation patterns recorded during sinus rhythm (33) . PMJ parameters were tuned to obtain realistic transmission characteristics (51) , with retrograde propagation delays much shorter (Ϸ0.96 ms) than anterograde delays (Ϸ9.69 ms). Figure 1C shows APD variation between different parts of the system. Moving from the His bundle to the distal branches of the PS, APD was gradually abbreviated until the terminal cells at PMJs, which had APDs nearly as short as coupled myocytes. This feature, caused by electrotonic loading at the interface between tissues, made the PS an ideal substrate during reentry establishment.
Initiation of EADs in PS Cells
Ectopic activity in the distal PS was produced by injecting current in five contiguous PS nodes near the PMJs, as described in previous studies (28) . In an alternative set of simulations, the PS was excited in the proximal region adjacent to the left (LBB) and right bundle branches (RBB). This approach, in contrast to altering the ionic model to produce genuine EADs, allowed for fine-grain control of the timing and location of simulated ectopic beats. Sinus beats were simulated by injecting current at the bundle of His at a fixed interval (tHis), which was varied between 600 and 1,000 ms in steps of 50 ms. The interval between the last sinus beat and the ectopic beat (t EB) was varied from 100 to 400 ms in steps of 10 ms. The time between an ectopic beat being triggered in one bundle branch and the same activation being picked up in the other was defined as tBB, which measures the ventricular conduction delay for either right bundle-ventricle-left bundle or left bundleventricle-right bundle pathways. To establish BBR, the effective path length of the reentrant circuit in our model was increased by reducing the conductivities and sodium channel conductance (gNa) in both the PS and myocardium. Myocardial ( VM) and PS conductivities (PS) were varied between 20 and 50% of normal, while myocardial g Na was varied between 25 and 70%, and PS gNa was kept constant at 50%.
RESULTS
Ectopic Activity Triggered in the Distal PS
Ectopic activity was initiated in the left and right sides of the distal PS. The side of ectopic activity was chosen near PMJs, as observed in clinical studies (24) . For the values of t EB between 100 and 400 ms, three different scenarios were observed.
Failed ectopic activity. Ectopic beats induced when both the distal PS and ventricular myocytes were refractory due to the sinus rhythm failed to initiate ectopic activity (t EB Ͻ 190 ms). These stimuli elevated the potential of refractory tissue, but could not trigger new APs. This behavior is illustrated in Fig. 2B (indicated by "F").
Premature excitation and CB. If the distal PS and the myocardium were excitable, but the proximal PS (His bundle and branches) remained refractory (190 ms Յ t EB Ͻ 380 ms), the ectopic beat excited the myocardium and propagated retrogradely to nearby parts of the distal PS. However, activation was blocked at the refractory bundle branch, so retrograde excitation was not conducted to the other side of the PS. Figure  2A shows examples of ectopic activity triggering a premature AP in the PS.
In Fig. 3 , an ectopic beat was induced in the right distal PS at t EB ϭ 370 ms. Excitation propagated into the right ventricle (RV) (Fig. 3A) by anterograde propagation, but retrograde conduction into the RBB was blocked (Fig. 3B ) due to refractoriness. Individual AP traces in the right PS (see Fig. 3E ) clearly show the conduction failure in the RBB (shown by the dotted line). The asterisk indicates the location of CB in the RBB. Thus the left ventricle (LV) was excited after 45 ms by transmission across the septum, instead of by activity from within the PS. Shortly thereafter, LV activations propagated Fig. 2 . A: ectopic activity had varying consequences, depending on the interval between the last sinus beat and the ectopic beat (tEB): failure to elicit AP (tEB ϭ 180 ms), triggered activity with conduction block (CB) in the distal PS (tEB ϭ 190 ms), or triggered activity with CB in the bundle branch or proximal PS (tEB ϭ 180 ms). B: outcome of the ectopic activity originating in the right proximal and distal PS at a range of tEB. F, failed ectopic activity; CBd, CB in the distal PS; CBp, CB in the proximal PS; PE, propagation of the ectopic activity without CB.
retrogradely into the left PS (Fig. 3C ), but reentry into the right PS was prevented due to CB in the right BB (Fig. 3D) . In other cases (190 ms Յ t EB Ͻ 300 ms), retrograde activation did not occur as in Fig. 3C due to residual refractoriness in the distal PS (indicated by "CB d " in Fig. 2B ).
Premature excitation with no CB. After 380 ms of recovery from sinus excitation, bundle branches were excitable, along with the distal PS network. Ectopic beats induced after this instance (t EB Ն 380 ms) excited both the coupled ventricular tissue and the proximal PS. PS-enabled activation of the other ventricle occurred 40 ms after the ectopic beat. No CB was observed in the PS.
Ectopic Activity Triggered in the Proximal PS
APDs in the proximal PS are longer than the distal PS due to myocardial loading. Thus ectopic activity could not be initiated in the proximal PS branches for t EB Յ 300 ms (see Fig. 2B ). As above, functional CB was observed in the bundle branches ("CB p ") for 300 ms Յ t EB Ͻ 380 ms, but CB did not occur in the distal PS for any ectopic beats originating in the proximal PS. Excitation patterns from premature stimuli with t EB Ն 380 ms was similar to those observed for ectopic beats originating in the distal PS.
Induction of Reentry by an Ectopic Beat Interacting with Sinus Activity
When a sinus beat occurred while the tissue or part of the tissue was still recovering from a premature beat, the interactions were complex. The sinus beat was conducted by only one bundle branch due to refractoriness in the other, thus only one ventricle was excited. Excitation propagated to the unexcited ventricle through the myocardium, resulting in a delay. If the PS in that ventricle was excitable by the time this delay was elapsed, retrograde conduction occurred, forming a reentrant circuit.
One such scenario is summarized in Fig. 4 . An ectopic beat induced in the right distal PS (t EB ϭ 370 ms) produced a premature ventricular depolarization. During the next sinus activation at 700 ms (Fig. 4A) , the left bundle was excitable and conducted the His activation (Fig. 4E, traces 2 and 3) , but the right bundle was still refractory and blocked conduction into the right distal PS (Fig. 4B) . AP traces 4 and 5 in Fig. 4E show CB in the RBB (indicated by asterisks). Consequently, the sinus beat only activated the LV (Fig. 4B, white arrow) . By 800 ms, activation reached the RV by transseptal conduction, and retrograde propagation into the right distal PS occurred (Fig. 4C) . At this point, the RBB was no longer refractory, and excitation continued through the bundles and left distal PS, establishing a reentrant circuit (Fig. 4D) . Thus unidirectional block in the RBB due to an ectopic beat provided the necessary substrate for reentry for the next sinus activation.
For ectopic activity in the right distal PS (t EB ϭ 370 ms, PS and VM at 33.33% of base values), early sinus beats (t His Ͻ 680 ms) failed to propagate at all beyond the bundle branches. For intermediate cases (680 ms Յ t His Յ 1,000 ms), refractoriness in the RBB led to tachycardias with the RBB block morphology, as illustrated in Fig. 4 . For later sinus beats (t His Ͼ 1,000 ms), if interactions resulted in an arrhythmia, the morphology was a tachycardia without BBB. Similar behavior was observed when the ectopic beat originated in left PS (not shown). Premature excitation spread through the LV and septum to reach the RV, producing asymmetric refractoriness in the bundles with the LBB nonexcitable. The sinus beat coming down the His bundle within 300 -500 ms after the ectopic beat was thus conducted only through the RBB, resulting in left BBB morphology.
In contrast, simulations with ectopic activity in the proximal PS did not result in reentry. Since the values of t EB associated with triggered activity for such stimuli were significantly higher (Ն300 ms), the distal PS and both ventricles were excitable and conducted the premature beats without CB. Thus, when the following sinus beats interacted with these activation patterns, there was no asymmetry between the LV and RV, and reentry was avoided. 
Reentry Induction by Ectopic Beat in Presence of Slow Conduction
Initiation of BBRT requires unidirectional block in one bundle branch and slow conduction in the other. A subset of simulations was performed with impaired conduction in the tissue to reproduce conditions in which the BBB morphology can occur. Slower conduction in the ventricles and in the PS increased the effective path length for establishing reentrant circuits with ectopic beats. Figure 5 shows the outcome of ectopic activity (t EB ϭ 370 ms) for several tissue conductivities (both PS and VM ) and myocardial g Na . PS g Na was kept constant at 50%. For lower values of myocardial g Na , APs could not be elicited due to insufficient depolarizing current; in contrast, for higher values, a temporary CB was observed in the LBB. In the latter cases, no reentry through the bundles was observed, as the RBB was refractory when activation reached the RV. BBRT was observed for PS ϭ VM ϭ 35% with g Na ϭ 50%, PS ϭ VM ϭ 30% with g Na ϭ 58%, and PS ϭ VM ϭ 25% with g Na ϭ 67%. Other combinations, indicated by "T", produced tachycardia involving the bundle branches and PS, but not BBRT. The shaded region (between the two lines) represents the tachycardia-prone parameter range. Reentrant activations were considered tachycardias if they were sustained for at least 500 ms.
If either of PS or VM was slightly increased, BBRT was converted into normal tachycardia; if any of PS , VM , or g Na was increased substantially, the BBRT degraded into temporary CB, and the reentry died down. Figure 6 shows a typical activation sequence during successful BBRT induction by ectopic activity (t EB ϭ 370 ms) in the right distal PS. Excitation spread through the right distal PS (traces 1 and 2 in Fig. 6E ) and the RV (white arrow, Fig. 6A ), but retrograde CB occurred in the RBB (asterisk in trace 3 in Fig. 6E ). Myocardial excitation reached the LV by transseptal conduction (black arrow, Fig. 6B ). The left PS was activated by retrograde propagation 165 ms after the ectopic beat (trace 4 in Fig. 6E ). Due to slow conduction through the PS and myocardium, activations reached the RBB, now excitable, 185 ms after the ectopic beat (Fig. 6C , and trace 5 in Fig. 6E ), and the BBRT circuit was established by propagation into the right PS and RV (denoted by a two-way arrow between traces 1 and 3 in Fig. 6E ). Thus the anterograde and retrograde limbs of the BBRT circuit are formed by the RBB and LBB, respectively, as shown schematically in Fig. 7 .
BBRT
Interestingly, BBRT was not observed for ectopic activity originating in the left or right proximal PS. In this case, the ectopic activity spread rapidly through the entire distal PS, leading to near-simultaneous excitation of the LV and RV. This reduced the path length of the reentrant circuit, making the establishment of BBRT impossible.
Classification Based on Conduction Time
To quantify the effects of slowed ventricular conduction, we looked at the time between an ectopic beat in one bundle branch and the associated wave front exciting the other bundle branch. Figure 8A classifies events based on t BB for ectopic activity in the right PS (t EB ϭ 370 ms). In the scenario of just the CB in RBB, the average t BB was 109 Ϯ 15 ms (n ϭ 10). To produce tachycardia involving the conduction system, considerable slow conduction was required in the tissue with an average t BB ϭ 138 Ϯ 0.7 ms (n ϭ 2), whereas BBRT was produced at extremely slow conduction velocities in myocardial mass as well as PS. The average t BB recorded in the cases with BBRT was 165 Ϯ 4 ms (n ϭ 3). These trends are in agreement with the longer H-V intervals observed in most of the patients with BBRT and tachycardia involving His-PS (6, 27) . Figure 8B shows longitudinal CV for each combination of reduced conductivities ( PS and VM ) and myocardial g Na . CV during normal excitation was 0.5 m/s. Reducing the conductivities to 50% lowered CV to 0.36 m/s. Further reductions had the same effect as reducing g Na with higher conductivity. In Fig. 8 , combinations yielding the same CV are grouped diagonally. Reducing conductivities to 25% roughly halved CV. Note that white-on-black highlighted combinations correspond to states resulting in BBRT, with CV in the range of 0.24 -0.25 m/s. CV in the PS, which was ϳ1.6 m/s in normal conditions, was reduced to 1.35 m/s with PS ϭ VM ϭ 50%, and 0.8 m/s for PS ϭ VM ϭ 30%.
DISCUSSION
This paper investigates the effects of conduction system abnormalities on reentry induction. Specifically, we examined how ectopic foci in the PS might induce arrhythmias during pathological states conducive to BBRT. The main findings of this research are as follows: 1) EADs originating in the distal PS may initiate reentry in the ventricles due to temporary CB; 2) EADs originating in the proximal PS could not initiate similar reentry despite producing CB; 3) a single, critically timed ectopic beat was sufficient to produce reentry involving the His-PS; and 4) in the presence of extremely slow or impaired ventricular conduction, a single ectopic beat could initiate BBRT. We reproduced common features of patients suffering from BBRT, such as slow conduction, transient CB in the PS, and reduced myocardial excitability. The results presented help explain the mechanisms involved at the Purkinje- myocardial interface and the conditions necessary for the initiation of arrhythmias due to EADs originating in the PS.
Ectopic Activity Triggered by the PS
Purkinje cells are susceptible to EAD formation because of their higher membrane resistance and longer APD (37) , which provides sufficient time for L-type calcium channel reactivation, leading to EAD formation. Coupled myocardial cells have a shorter APD and become reexcitable while PS cells are still repolarizing. Consequently, the incidence of phase II or II EADs in Purkinje fibers is increased, which can give rise to propagated ectopic beats. Triggered activity depends on differences in V m between connected cells and also on the excitability threshold of already-repolarized cells (48) . Several experimental studies have documented how EADs generated in the PS propagate to ventricular muscle cells (24, 14) . Computer modeling studies have shown that suppression or facilitation of triggered activity depends on the connection between conductive and myocardial tissue (28, 37). Very high resistance at PMJs and certain physiological circumstances resulting in poor coupling between the two cell types facilitate triggered activity (49) . EADs in the PS cause reactivation of I Na in nearby groups of coupled cells, generating triggered APs that propagate to the ventricular myocardium as ectopic activity (37) .
Although we have constantly referred to EADs, delayed afterdepolarizations (DADs) are also calcium-mediated events leading to premature depolarizations, but, after the cell has fully repolarized, DADs can also lead to ectopic beats in the PS (52, 16) . Thus propagated DADs may trigger reentry as well, and the arguments we put forth apply to the timing of the ectopic beat, whether it be an EAD or DAD, and do not distinguish between the two.
Previously, simulations have studied the possibility of EAD propagation based on two-cell models (15, 49) or one-dimensional models (30, 36) by analyzing the effects of different factors, such as electrical coupling, EAD conditions, and stimulation frequency. A more recent study by Monserrat et al. (28) was based on a two-dimensional computer model of Purkinje fibers connected to a thin sheet of myocardium. Our study differs from previous work, because it used an anatomically realistic 3D ventricular model, complete with a PS, to analyze organ level behavior. PS junctional parameters were tuned to match experimental observations under normal conditions. The timing of EAD induction from phases II and III of repolarization was systematically varied to study propagation or suppression of premature beats under these conditions.
Arrhythmia Induction by Triggered Activity
We observed that triggered activity from diseased PS (slow conduction) led to tachycardia induction when facilitated by temporary CB and/or confronted with sinus activation. Electrotonic interactions at PMJs shortened APD in the distal PS, as has been observed experimentally. Thus a considerable APD gradient developed within the PS, facilitating functional CB in the bundles.
Myerburg et al. (29) reported a progressive increase in Purkinje APD, reaching a maximum in the distal PS before decreasing again at the insertion sites. This distal shortening of APD can be explained by electrotonic loading from the ventricular mass, as reproduced in our model. Based on their observations, they proposed a "gating mechanism" at distal sites, which collectively acted as "limiting segments" for the passage of premature impulses between the two tissues. This was in agreement with Hoffman et al. (18) , who suggested that peripheral Purkinje fibers might be especially prone to CB during premature impulses. However, Lazzara et al. (21) later pointed out that in vitro preparations studied by Myerburg et al. (29) were dissected so that a false tendon was the sole bridge between islands of tissue barring conduction through shorter and quicker pathways to the myocardium through interior fibers of the LBB and septal fibers of the RBB. In fact, Lazzara et al. (21) showed that, in the intact PS, the bundle branches are the preferential sites for CB during premature activations. Our findings are in agreement with this observation.
Previous experimental studies have used pharmalogical intervention to test whether tachyarrhythmias with left BBB and right BBB patterns arise from enhanced automaticity or triggered behavior (20) . The effects of ATP, nicorandil, and verapamil were evaluated in 17 patients with bundle block ventricular tachycardia (VT), which was found to be EADs and DADs. VT sensitive to ATP but not verapamil was caused by triggered activity from the PS. If a Purkinje fiber has abnormal automaticity in a deep resting potential, an L-type calcium blocker such as verapamil might not affect it, but ATP suppresses such triggered activity (20, 22) . Nicorandil was found to abolish VT arising from afterpolarizations in long-QT syndrome. In another case study, BBRT with no structural heart disease was reproducibly terminated by intravenous adenosine (35) . During an electrophysiology study, BBRT was repeatedly initiated by isoproterenol infusion, suggesting that it originated from triggered activity (35) . Schafferhofer-Steltzer et al. (37) have also shown how to induce EADs in Purkinje fibers by locally superfusing them with isoproterenol solution. In a study of RyR2/RyR2 R4496C mutated mice hearts, both calcium overload and adrenergic stimulation produced catecholaminergic polymorphic VT (7) . Epicardial breakthroughs and endocardial mapping in these cases revealed that all episodes of catecholaminergic polymorphic VT originated from focal sources in the His-PS, which were EAD/DAD-induced triggered activities.
In their study of unidirectional CB in a one-dimensional cable of modeled cardiomyocytes, Qu et al. (32) systematically demonstrate that the critical refractoriness gradient is larger in cases where the blocked wave front is travelling in the opposite direction relative to the preceding wave. In configurations where BBRT occurred in this study, the spatial dispersion of refractoriness that gave rise to reentry was analogous, since the wave front from the ectopic beat blocked in the bundle branch following a sinus beat. Here, the incidence of BBRT suggests that the APD gradient due to myocardial loading effects in the distal PS, also observed experimentally (29) , is a sufficiently large barrier to produce CB.
Favorable Conditions for Reentry
We reduced the excitability (sodium channel conductance) and tissue conductivities in both the PS and myocytes to induce reentry involving the conduction system. It is evident from the results that reentry involving the His-PS cannot occur under healthy conditions, since the effective reentrant path length in such cases is too short. Path length can be increased in the scenario where conduction is hampered in both conductive tissue and the ventricular mass. This is in agreement with clinical observations that sustained BBRT occurs in patients with delays in Purkinje-ventricle activation time and interventricular conductance (6, 27) . Anti-arrhythmic drug-induced slowing of CV has been shown to favor the incidence of macro-reentrant VT involving the His-PS (8) . In another clinical report, amiodarone-induced slowing of CV within the His-PS led to the occurrence of recurrent BBRT or interfascicular tachycardias in patients (34) .
Two types of reentry were observed. In the first, triggered activity conducted through diseased PS and myocardium was confronted by sinus activation, inducing reentry. This could also occur due to interaction with excitation from some other source coming down the bundle or the proximal PS. In the second, the triggered activity itself induced BBRT due to slow conduction and temporary retrograde CB in the distal PS. This case depended on the extent of CV reduction in the ventricles and the PS. This is in accord with the model work of Ten Tusscher and Panfilov (41) , who also had to increase effective path length of reentry in their human ventricular model by decreasing PS conductance to 12.5% and lowering I Na in both PS and myocardium to 40% to produce BBRT. Likewise, in their early simulation analysis of arrhythmias involving the PS, Berenfeld and Jalife (3) employed a FitzHugh-Nagumo ionic kinetics, which results in reduced excitability due to slower upstroke. Clinical reports have also documented prolonged H-V intervals in most BBRT patients (6, 27) , indicating slow conduction through the PS.
In most clinical studies, though, the cause of BBRT initiation has not been clear. Typically, a diseased PS with either of the branches blocked and slower conduction through the other branch are considered as precursors to reentry (27) . We observed that ectopic activity originating in the distal PS could result in temporary functional CB in either bundle branch, which provided a substrate for reentry. Structural impairment of the conduction system was not needed, so no H-V prolongation was necessary. Our observations agree with the clinical findings of Li et al. (23) , who observed BBRT in patients with normal H-V intervals in the presence of functional conduction impairment. Moreover, our results show that a single ectopic beat, occurring during the specific time window when the distal PS and myocardium are reexcitable, but the proximal PS is still refractory, was sufficient to induce reentry in tissue with reduced CV, which approximate diseased ventricles.
Limitations
While we used a rabbit model and not human, rabbits have similar PS penetration depths as humans, as well as a similar effective electrical size (31) . A homogeneous APD distribution was used in the ventricles. This would have altered specific timings for reentry occurrence, but would not alter the basic phenomenon of one-sided BBB. Similarly, variations in the physical structure of the PS and the parameters responsible for PMJ coupling would surely result in the formation of different reentrant circuits, and the size and timing of window of vulnerability might also be affected. Nonetheless, as long as the critical PS features emphasized in this study, rapid propagation, retrograde and anterograde transmission, electrical isolation from the ventricles except at endpoints, and a pronounced gradient in refractoriness from distal to proximal sites due to electrotonic loading, the key phenomena demonstrated, such as arrhythmogenesis from a single well-timed ectopic beat in the PS, would continue to be observed.
Conclusions
We have presented a computer simulation study of arrhythmogenesis due to conduction system disorders in the PS. Ectopic excitation in the distal PS led to triggered activity in the ventricles, which induced reentrant VT when facilitated by functional CB within the proximal PS and/or interaction with sinus activity. A single, well-timed ectopic beat in the distal PS could initiate reentry involving the His-PS, whereas ectopic activity in the proximal PS could not. Initiation of BBRT required extremely slow conduction in the ventricles and temporary CB in one of the bundle branches. This paper describes possible mechanisms of arrhythmia initiation involving the specialized ventricular conduction system. Our findings may help clarify the elements underlying clinical entities, such as BBRT and fascicular tachycardias.
